A method of measuring the water potential of stored potato tubers (Solanum tuberosum L.) was needed to investigate the relationship of bacterial soft rot in tubers to water potential. Pressure chamber measurements, while useful for tubers with functional stolons, cannot be made on stored tubers. Measurements could be made on excised tissue pieces in a hygrometer chamber and with hygrometers implanted into tubers. We report here our evaluation of these hygrometric methods using a comparison with the pressure chamber on tubers harvested with stolons intact.
Respirational heating of the tissue contributed to the increase in the excised tissue samples, but not with the implanted hygrometers because of the hygrometer design. The osmotic pressure balaced the pressure chamber measurement of potential at -0.7 megapascals, but was too small to do so at lower potentials. At most, 25% of this discrepancy can be accounted for by dilution by apoplastic water. We believe that the pressure chamber measurement is too low at low water potentials and that the error is associated with air bubbles in the xylem. At low potentials air emerged from xylem vessels along w-ith sap, and fewer xylem emitted sap as potentials decreased.
An unambiguous measurement ofthe water potential ofstored potato tuber tissue is needed to investigate further an apparent relationship between water potential and the susceptibility of stored tubers to attack by soft rot erwinias (15) . Methodology developed should also be of value in studying the water relations of other fleshy plant storage tissues, particularly for studies of mechanical damage and postharvest pathology (6) . Such storage organs are an important part of the world food supply and measurements of their water relations have received inadequate attention.
Early measurements ofpotato tuber water potential were made by liquid-phase equilibrium (18) . Later, soil psychrometers were inserted into tubers attached to plants in the field (5) and the pressure chamber was used with freshly harvested tubers having intact stolons (1 1) . Gandar and Tanner ( 11) compared pressure chamber measurements with liquid-phase equilibrium and with soil psychrometers inserted into tubers attached to plants and ' Pressure Chamber. The pressure chamber and procedure described in Gandar and Tanner (10) were used except that a lower rate ofpressurization was found necessary when 4,2 < -(.7 MPa. Pressurization rates of 2 kPa s' or less gave the same endpoint with repeated pressurization. Tubers were held for at least 16 h in a plastic bag or a chamber lined with damp blotters before measurements were made. This delay was to allow for dissipation of water potential gradients near the xylem system (9, 10); we verified that the delay was adequate to bring the tuber to uniform potential by repeated pressurizations following removal oftubers from the vine. To separate xylem and phloem exudation (10) for measurement of the osmotic pressure of xylem sap and to confirm xylem blockage and air entrainment in xylem sap, we picked away the cortex, phloem, and pith at the cut end of the stolon so that the xylem vessels extended beyond other tissue.
Hygrometry. Hygrometric measurements were made with a Wescor HR-33T microvoltmeter (Wescor, Logan, UT) operated in the dewpoint mode. The meter was modified with an auxiliary rechargeable battery pack and an integrating digital voltmeter attached to the recorder outputs. The mode switch was replaced with a six-position, four-pole (two poles in parallel), gold-plated contact rotary switch (Centralab, Fort Dodge, IA). A sixth mode, 'read reverse', was added so the zero offset, zo, could be read in the reverse from normal polarity. Rinsing the samples with distilled water immediately after excision and blotting dry had no effect on the potential measured. Two samples were taken from each tuber, either both from the tuber midsection or one each from the apical and basal thirds of the tuber, and their values averaged. The mean difference between duplicate samples was 0.04 MPa, believed to be random error. Measurements of water potential were also made with hygrometers placed in close-fitting holes drilled axially in tubers. Two hygrometers were designed for implantation into tubers, one with a polyethylene body and the other with a stainless steel body. The stainless steel unit ( Fig. 1 ) was designed to lock the hygrometer and the tissue together thermally, minimizing error caused by temperature gradients. To minimize heat flow along the leadwires, 12 cm of 0.25-mm (30gauge) Evanohm3 wire with 12 Am thick polyurethane varnish was used for leads, crimped into holes drilled in the heat sinks. The wires were extended by crimping them to stranded copper wire. The hygrometer measuring junction was welded from 25 Mm chromel and constantan wire and crimped into notches at the ends of the heat sinks. A 0.076 mm Evanohm/constantan thermocouple glued into a small cavity in the brass core was used to measure the hygrometer temperature. Snug-fitting holes for the hygrometers were cut in 3 Evanohm wire is available from Pelican Wire Co., Naples, FL.
Relative to copper, it has an electromotive force of only 0.2 ,V/'C, but lower thermal conductivity and higher tensile strength. Figure 5 .
The pressure chamber values presented in this paper have not been corrected for the osmotic pressure of the xylem sap, as is thought necessary for pressure chamber values to yield total water potential (1) . We found the osmotic pressure ofthe xylem sap by collecting xylem exudate on filter paper discs and measuring these in Wescor C-52's psychrometrically. The mean of several tubers was 0.10 MPa, so correcting the chamber measurements would shift all data points in Figures 2, 3 , and 5 to the left, worsening the agreement.
Excised Tissue Measurements. For pressure chamber measurements ranging from 0 to -0.3 MPa, the excised tissue water potentials were -0.25 to -0.35 MPa, independent of 0, (Fig. 2) . The best-fit straight line describing l, as a function of 46^f or pressure chamber values less than -0.3 MPa (Fig. 2) Turgor-driven strain does not affect in situ measurements because of the large bulk of tissue surrounding the implanted hygrometer. The small cylindrical cavity cut for the hygrometer would minimize strain. Also, radial geometry assists water flow and dissipation of potential gradients near the cavity. Finally, the tuber tissue volume provides a large capacitance for water, minimizing the impact of the coring on the tissue.
During the measurements reported here, the excised tissue samples were isothermal with or warmer than the hygrometer body, so thermal errors were in the opposite direction to expansion errors. Tissue warming, as indicated by the zo in the SC-10, ordered fresh > harvest > stored as expected for respiratory heating (20) . The size of respirational errors in y6 can be estimated from zo in the SC-10. The zo underestimates the temperature gradient between the reference and the tissue because the measuring junction is 0.43 of the distance between them and because of divergent heat flow geometry. Correcting for the distance of the measuring junction from the tissue and recognizing that the measured zo was removed electronically before making the dewpoint measurement, a minimum error of 0.04 MPa obtains for the fresh tubers. This value is in good agreement with the displacement of the fresh tuber data from the 1:1 line in Figure 4 ; the lower respiration rate of stored tubers did not cause a similar displacement. This fresh tuber respirational error is also present in Figure 2 . As reviewed by Laties (16) , respiration increased 3-to 5-fold immediately after cutting the tissue and at least another 2-fold within 8 h. The long-term increase in respiration was inversely related to slice thickness so the error in the C-52 measurements should have been greater than with the SC-10 samples.
In the in situ measurement, the hygrometer body makes good thermal contact with the tissue, whereas the excised samples make poor contact with the holder walls to avoid tissue compression. Accordingly, errors from respiratory heating are reduced with implanted hygrometers as compared to measurements on excised tissue. Additionally, the implanted hygrometer is surrounded by tissue into which wound-stimulated respiratory heat could dissipate.
The possible degradation of membranes following wounding ofpotato tuber tissue (16) could impact #eand fj. This apparently did not occur to a great extent during our measurements since the cells maintained appreciable turgor at high water potentials. This and other physiological reactions to wounding should have had more effect on the excised tissue measurement than on the in situ because of the large bulk of intact tissue surrounding the implanted hygrometer. It is known that when excised potato tuber discs are reimplanted into intact tubers, some wound responses of the discs are attenuated (21) .
In comparisons with the pressure chamber, the excised tissue measurement (Fig. 2) was more scattered than the implanted hygrometer measurement (Fig. 3) . This was probably due to variable effects of turgor-driven expansion, respiration, and wound responses.
Implanted Hygrometer Measurements. The implanted hygrometer measurements agreed well with the pressure chamber at high potentials (Fig. 3) . At low potentials, 4#i was higher than A; the second-order term of the regression in Figure 3 is significant at P < 0.01. This departure from the pressure chamber measurement at low potentials also occurred with the excised tissue measurement (Fig. 2) and when osmotic pressure was determined (Fig. 5) . Respiratory heating of the tissue explains only a small amount of the discrepancy between Ac and 4JJ and is negligible with Oi. The negative turgor calculable from the data in Figure 5 seems unlikely in potato tuber tissue at the level of hydration of these tubers.
Dilution of the symplasm solutes by apoplastic water in the samples may have contributed to apparent negative turgor (2, 23). In potato tuber tissue, however, there does not appear to be enough apoplastic water to provide the necesary dilution. To cause a decrease in r of0.1 MPa at 0, = -1.0 MPa (Fig. 5) , the apoplastic water must be 10% of the total tissue water. The apoplastic water present can be estimated in two ways: first by the amount of water in the wall and the amount of wall in the tissue and secondly by the fraction of cell volume that is comprised by wall. We measured the water retained by isolated potato tuber cell walls (14) at various water potentials with a soil pressure plate apparatus. The weight fractions of water (dry wall weight base) at various potentials were: 0.90 at -1.2 MPa, 1.08 at -0.8 MPa, 1.25 at -0.4 MPa, and 1.60 at -0.2 MPa. Since these are overestimates due to water retained in menisci between the wall particles, we can use 1.00 as the upper limit for water weight fraction and 0.40 as a lower limit (that of never-ried wood; [22] ). Weight fractions can be converted to volumetric fractions given the specific gravity of dry cell wall, about 1.55 (8, 22 From the above osmotic pressure arguments we believe the difference between the pressure chamber and the hygrometer measurements at potentials < -0.7 MPa mainly was due to error in the pressure chamber measurement. Errors due to rapid pressurization and to lack of water potential equilibrium within the tuber were guarded against, as described earlier. We believe that the low pressure chamber measurements at low potentials were in some way associated with air entering the xylem of stressed tubers. When the xylem at the end of the stolon was separated from the surrounding tissue to permit observation, the number of xylem exuding sap decreased as the potential decreased below about 0.7 MPa. We believe, as observed by Tyree et al. (24) , that as the potential decreased, the water in an increased number of xylem elements fractured under tension and air diffused into the xylem. This air embolism resting against perforation plates would block return ofsap. In making duplicate determinations ofthe chamber end point, the pressure never was decreased rapidly nor more than about 0.1 MPa; accordingly, the embolism would have been created prior to the chamber measurement. We also observed air bubbles entrained in the sap and the number of vessels with entrained air increased as the potentials decreased.
Good measurements of tuber water potential appear to be provided by the in situ hygrometers over the range of water potentials encountered under field or storage conditions. Measurement with excised tissue from stored tubers ofwater potential < -0. 
